Introduction {#sec1-1744806919849201}
============

Ionizing radiation (IR) therapy is still a cornerstone of modern cancer treatment,^[@bibr1-1744806919849201]^ with an approximately half of newly diagnosed cancer patients receiving radiotherapy at some point in the course of the disease.^[@bibr2-1744806919849201],[@bibr3-1744806919849201]^ However, radiotherapy is associated with a risk of various side effects, including nausea, vomiting,^[@bibr4-1744806919849201]^ enteropathy, and lung injury.^[@bibr5-1744806919849201]^ Skin is the largest organ and is the biological defense barrier at any irradiated area. Skin injury is another common side effect after radiation treatment.^[@bibr6-1744806919849201],[@bibr7-1744806919849201]^ Radiation may cause variety of physical skin reactions and contributes to pain, itch, and burning.^[@bibr8-1744806919849201]^ A moderate-to-severe skin reaction occurs in about 85% of patients treated with radiotherapy.^[@bibr9-1744806919849201],[@bibr10-1744806919849201]^ The IR-induced skin changes can affect daily living activities and life quality.^[@bibr11-1744806919849201]^

Similar to chemotherapy-induced peripheral neuropathy pain,^[@bibr12-1744806919849201],[@bibr13-1744806919849201]^ a sensory adverse event is common at the site of skin after radiation treatment. However, the underlying mechanisms of IR-induced allodynia are poorly understood. Several members within the transient receptor potential (TRP) channel family act as the sensors for temperature and noxious stimuli and are involved in the development of pathological pain.^[@bibr14-1744806919849201]^ Transient receptor potential ankyrin 1 (TRPA1) and transient receptor potential vanilloid 1 (TRPV1) are co-expressed in a specific subgroup of dorsal root ganglion (DRG) neurons that contributes to the detection and transduction of noxious stimuli.^[@bibr15-1744806919849201],[@bibr16-1744806919849201]^ TRPA1 is sensitive to endogenous reactive molecules, which are produced at the damaged tissue sites, including reactive oxygen species (ROS) and reactive nitrogen species (RNS).^[@bibr17-1744806919849201][@bibr18-1744806919849201][@bibr19-1744806919849201]--[@bibr20-1744806919849201]^ TRPV1 is expressed in about 60% of peptidergic small neurons in DRG and trigeminal ganglia. TRPV1 can be activated under inflammation condition.^[@bibr21-1744806919849201]^ Genetic and pharmacological studies have reported that TRPV1 contributes to chronic inflammatory pain and neuropathic pain.^[@bibr22-1744806919849201],[@bibr23-1744806919849201]^

In this study, we investigated the roles of TRP channels in a mouse pain model induced by X-ray, which is commonly used in radiotherapy. Biochemical and pharmacologic experiments indicate that TRPA1 and TRPV1, but not TRPV4, are necessary for the development of X-ray-induced mechanical and heat allodynia in mice. These findings will be helpful in prevention and treatment of pain after radiotherapy.

Materials and methods {#sec2-1744806919849201}
=====================

Animal {#sec3-1744806919849201}
------

Adult male C57BL/6 mice (25--30 g) were obtained from the SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Four mice were housed per cage, with food and water available ad libitum. All mice were kept in controlled room temperature (22 ± 2°C) and humidity (60%--80%). The illumination maintained on a 12 h/12 h light/dark cycle (lights on from 6:00 a.m. to 6:00 p.m.). The animal study was approved by the University Committee on Animal Care of Soochow University (No. 2012--03) and conducted in accordance with the guidelines of Animal Use and Care of the Jiangsu Province (2008).

Reagents {#sec4-1744806919849201}
--------

HC-030031, TRPA1, and TRPV4 inhibitors were purchased from MedChemExpress (MCE). TRPA1 and TRPV1 antibodies were purchased from Alomone, TRPV4 antibody was purchased from Abcam, pERK and pJNK antibodies were purchased from CST, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody was purchased from Affinity. IB4 was purchased from Thermo Fisher. The detailed information is shown in Supplementary Data Table 1.

X-ray-induced allodynia model {#sec5-1744806919849201}
-----------------------------

Although there are several studies in radiation-induced skin injury, the studies about IR-induced pain are rarely reported. In this study, mice were anesthetized with an intraperitoneal (i.p.) injection of chloral hydrate (300 mg/kg). Mice were immobilized with adhesive tape on a plastic plate to minimize motion during irradiation exposure. A 3-cm thick piece of lead was used to localize the radiation field and protect other fields. In the first series of experiments, a single dose of 10 Gy or 20 Gy X-ray was administrated to the right hind limbs (Supplementary Data Figure 1) at a dose rate of 2 Gy/min using RAD SOURCE RS2000 X-ray machine (160 kVp, GA, USA). In the second series of experiments, a single dose of 20 Gy was administered to the hind limbs and tails at a dose rate of 2 Gy/min (Supplementary Data Figure 2). After irradiation, the mice were fed normally. Painful behavior tests were performed in the following days.

Intrathecal injection {#sec6-1744806919849201}
---------------------

Mice were under a brief anesthesia with isoflurane, then we delivered drugs into cerebral spinal fluid (CSF) space around lumbosacral spinal cord through intrathecal (i.t.) injection. Spinal cord puncture was made with a 30 G needle between the lumbar L5 and L6 to inject the TRP channels inhibitors (10 μg in 10 μl) to the CSF.^[@bibr24-1744806919849201],[@bibr25-1744806919849201]^ A brisk tail-flick after the needle entry into subarachnoid space signed a successful spinal puncture.

Behavioral tests {#sec7-1744806919849201}
----------------

Behavioral tests were assessed in a quiet and temperature controlled room between 9 a.m. and 5 p.m. and were carried out by an operator blinded to the genotypes and drug treatments.

### Mechanical allodynia {#sec8-1744806919849201}

Mechanical allodynia was assessed using the "up-and-down" methods as previously described.^[@bibr26-1744806919849201]^ Mice were placed beneath perspex boxes (10 × 10 × 7 cm) set upon elevated wire mesh stands and acclimated for 30 min. Von Frey filament (0.008--1.4 g) was applied to the mid-plantar area with enough pressure to bend the hair. The filament was held for 5 s. If the paw did not lift after 5 s, an increased weight filament would be used next. Whereas a subsequently weaker filament would be used if the paw lifted after filament stimuli. The 50% mechanical paw withdrawal threshold was collected as described previously.^[@bibr26-1744806919849201]^ The paw mechanical withdraw thresholds were recorded in grams, and they were detected before (baseline), 1 to 40 days after IR treatment, and after drug treatments (2, 5, 12, and 24 h).

### Heat allodynia {#sec9-1744806919849201}

The heat hyperalgesia was measured using hot-plate test and tail-flick test. Hot-plate test was conducted by placing mice on a hot plate at 55°C. Behaviors, including paw licking, stomping, jumping, and escaping from the hot plate, were considered as positive responses, and the latency was recorded. The cut off time for the hot-plate test was 15 s. Tail-flick test was carried out by immersing the mouse tail in water (5 cm from the tip) maintained at 48°C temperature. Tail-flick latency time was measured as the time from the heat exposure to the withdrawal time of the tail. The cut off time for tail-flick test was 15 s. This test was carried out three times per mouse, and the average value was taken as latency time.

### Cold behavioral test {#sec10-1744806919849201}

Cold hyperalgesia was analyzed by the acetone stimulation test. Mice were placed into perspex boxes (10 × 10 × 7 cm) with a wire mesh floor. Mice were allowed to habituate for 30 min prior to the test. A drop (0.05 ml) of acetone was placed onto the center of planta skin. The responses to acetone were recorded 30 s after acetone application. Responses to acetone are divided into 4 grades: 0, no response; 1, quick withdraw, flick or stamp of the paw; 2, prolonged withdraw or repeat flicking of the paw; and 3, repeated flicking of the paw with licking directed at the ventral side of the paw. Acetone was applied to each paw three times at 10- to 15-min intervals, and the average score was calculated.

RNA isolation and quantitative real-time polymerase chain reaction {#sec11-1744806919849201}
------------------------------------------------------------------

Total RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, California) according to the protocol. Total RNA (1 µg) was used to synthesize cDNA by reverse transcription using Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA). Quantitative real-time polymerase chain reaction (qPCR) test was conducted by SYBR Green PCR Master Mix (Roche, Basel, Switzerland) using real-time PCR Detection System (ABI 7500, Life technology, USA). The cycling conditions included a 10-min initial denaturation step at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Target gene expression was normalized to the housekeeper gene GAPDH expression. Relative fold difference in expression was calculated using 2^−ΔΔCt^ method after normalization to GAPDH expression. The primers (Genewiz) are shown in Supplementary Data Table 2.

Protein extraction and Western blot analysis {#sec12-1744806919849201}
--------------------------------------------

Hind paw skin, sciatic nerve (SN), and DRGs (L2--L5) were collected from mice treated with radiation at different time points. Tissue samples were homogenized in radioimmunoprecipitation assay (Beyotime Biotechnology, China) lysis buffer containing protease and phosphatase inhibitors (Roche). Protein concentration was determined using bicinchoninic acid assay (Beyotime Biotechnology, China). Protein (40 μg) in each sample was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. The protein was transferred to the polyvinylidene fluoride membrane (Millipore). Blots were blocked for 1 h with 5% skim milk at room temperature and incubated with primary antibodies (TRPA1, Alomone; TRPV1, Alomone; TRPV4, Millipore; pERK and pJNK, CST; GAPDH, Affinity, the detailed information is shown in Supplementary Data Table 1) at 4°C overnight. Blots were washed with TBST (25 mM Tris-HCl, 150 mM NaCl, 0.1%Tween-20, pH 7.6) three times and incubated with secondary antibodies for 1 h at room temperature. The protein bands were detected using enhanced chemiluminescence solution (Pierce, Thermo Scientific). The density of target bands was analyzed using ImageJ software (Wayne Rasband). The GAPDH bands were used as control for normalization.

Histology and immunofluorescence {#sec13-1744806919849201}
--------------------------------

Mice were anesthetized using chloral hydrate (400 mg/kg, i.p.) and perfused with physiological saline transcardially, followed by 4% paraformaldehyde at different time points after radiation treatment. Paraffin sections of paw skin (10 μm) were stained with hematoxylin and eosin (H&E) for histological examination. Cryosections (15 μm) of DRGs (L2--L5) were incubated with the primary antibody rabbit anti-TRPA1 and IB4 (Alexa Fluor 488 Conjugate) or rabbit anti-TRPV1 and IB4 diluted in 5% bovine serum albumin-PBST (137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, and 1.5 mm KH2PO4, pH 7.4 and 0.1% Tween 20) overnight at 4°C. Sections were then incubated with fluorescent secondary antibodies. Sections were captured using Leica fluorescence microscope.

Statistical analysis {#sec14-1744806919849201}
--------------------

Data were analyzed using Graph Prism 6 (Graph Pad, La Jolla, CA). All data were expressed as mean ± S.E.M. Student's t test was used for two-group comparisons. One-way or two-way analysis of variance followed by the post hoc Bonferroni's test was used for multiple comparisons. The criterion for statistical significance was p \< 0.05.

Results {#sec15-1744806919849201}
=======

Establishment of ironing radiation-induced allodynia model in mice {#sec16-1744806919849201}
------------------------------------------------------------------

In the first series of experiments, we explored whether a single treatment of X-ray radiation could induce pain-like behavior. The right hind limb of mouse was treated with a single dose of 10 Gy or 20 Gy X-ray using RAD SOURCE RS2000 X-ray machine (Supplementary Data Figure 1(A)). The mechanical allodynia was assessed using Von Frey hairs. Reduced mechanical threshold was observed as early as 24 h ([Figure 1(a)](#fig1-1744806919849201){ref-type="fig"}; F(2, 22) = 12.86, p \< 0.05) and lasted eight days at least after X-ray treatment ([Figure 1(a)](#fig1-1744806919849201){ref-type="fig"}; F(2, 22) = 62.279, p \< 0.001). There was no significant difference of the mechanical threshold between 10 Gy and 20 Gy. In addition, the mechanical threshold of the left hind limb, which was not exposed to X-ray, was similar to control mice (Supplementary Data Figure 1(B)). This indicated that X-ray-induced allodynia was local and did not affect contralateral pain perception. There was no obvious change in the morphology of skin tissue at 14 days after radiation using H&E staining ([Figure 1(b)](#fig1-1744806919849201){ref-type="fig"}). This eliminated the painful behavior secondary to skin ulceration and indicated that the allodynia was specific to radiation.

![Ionizing radiation-induced pain-like behaviors in mice. (a) A single dose of X-ray (10 Gy or 20 Gy) exposing to right hind limb of induced a time-dependent mechanical allodynia. Data are expressed as mean ± S.E.M. \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to control mice. n = 8 mice per group. (b) The morphology of right hind paw skin was not affected at day 14 after a single X-ray treatment using H&E staining. The hind limbs and tail of mice were exposed to a single dose of 20 Gy X-ray. X-ray induced a time-dependent mechanical (c), heat (d and e), and cold (f) allodynia. Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to control mice at the same time point (n = 7--9 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig1){#fig1-1744806919849201}

In the following experiments, double hind limbs and tail of mouse (Supplementary Data Figure 2) were exposed to X-ray at a single dose of 20 Gy. Next, we recorded time course changes of X-ray-induced mechanical, heat, and cold allodynia. As shown in [Figure 1(c)](#fig1-1744806919849201){ref-type="fig"}, irradiated mice showed reduced mechanical threshold one day after X-ray treatment (t = 2.224, p = 0.043). Mechanical allodynia peaked 11 days after X-ray treatment ([Figure 1(c)](#fig1-1744806919849201){ref-type="fig"}; t = 8.951, p \< 0.001) and remained constant until day 28 ([Figure 1(c)](#fig1-1744806919849201){ref-type="fig"}; t = 3.065, p = 0.008).

Heat allodynia was measured by tail-flick test and hot-plate test. As shown in [Figure 1(d)](#fig1-1744806919849201){ref-type="fig"}, the latency of tail-flick test at 48°C was significantly decreased at day 3 (5.58 ± 0.21 s in control group vs. 4.77 ± 0.25 s in radiation group, p = 0.02), and persisted until day 11 (5.52 ± 0.24 s in control group vs. 4.73 ± 0.24 s in radiation group, p = 0.03) after 20 Gy X-ray treatment. Similarly, the hot-plate latency was decreased at day 4 ([Figure 1(e)](#fig1-1744806919849201){ref-type="fig"}; 7.41 ± 0.30 s in control group vs. 5.83 ± 0.80 s in radiation group) and remained constant until day 13 ([Figure 1(e)](#fig1-1744806919849201){ref-type="fig"}; 7.27 ± 0.53 s in control group vs. 5.63 ± 0.33 s in radiation group). The latency was minimum at day 6 in hot-plate test and tail-flick test.

The cold pain was assessed by measuring the response to acetone-evoked evaporative cooling. The increased score was observed at day 3 ([Figure 1(f)](#fig1-1744806919849201){ref-type="fig"}; 1.94 ± 0.16 in control group vs. 3.83 ± 0.46 in radiation group, p \< 0.001), and persisted until day 7 ([Figure 1(f)](#fig1-1744806919849201){ref-type="fig"}; 2.12 ± 0.34 in control group vs. 5.21 ± 0.57 in radiation group, p \< 0.001) after X-ray treatment. The score of cold stimulus was maximal at day 6 ([Figure 1(f)](#fig1-1744806919849201){ref-type="fig"}; 2.00 ± 0.31 in control group vs. 4.00 ± 0.74 in radiation group, p = 0.01).

TRPA1 and TRPV1 are increased in DRGs after X-ray treatment {#sec17-1744806919849201}
-----------------------------------------------------------

Given that the important roles of ion channels in neuropathic pain, we determined the mRNAs of a series of ion channels in DRG, 14 days after X-ray treatment. TRPV1 mRNA in DRG increased 1.6-fold in 10 Gy group ([Figure 2(a)](#fig2-1744806919849201){ref-type="fig"}; F(2, 9) = 16.87, p = 0.04) and 2.1-fold in 20 Gy group ([Figure 2(a)](#fig2-1744806919849201){ref-type="fig"}; F(2, 9) = 16.87, p = 0.001). Similarly, the mRNA of TRPV1 in DRG increased about 2.6-fold both in 10 Gy and 20 Gy X-ray-treated mice. However, no significant change in expression of TRPV4, TRPM8, NaV1.7, or NaV1.8 mRNAs in DRG was observed after X-ray treatment ([Figure 2(c) to (f)](#fig2-1744806919849201){ref-type="fig"}). These results indicated that TRPA1 and TRPV1 were involved in X-ray-induced allodynia.

![mRNA of ion channels was determined by qPCR. TrpA1 (a), TrpV1 (b), TrpV4 (c), TrpM8 (d), NaV1.7 (e), and NaV1.8 (f) mRNA in DRG was detected by qPCR at day 14 after a single dose of 10 Gy or 20 Gy radiation treatment. Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to control mice (n = 4 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig2){#fig2-1744806919849201}

X-ray induces oxidative stress in skin and DRG {#sec18-1744806919849201}
----------------------------------------------

Several studies reported that TRP channels, including TRPA1 and TRPV1, could be activated under oxidative stress condition. Indicators for oxidative stress were determined 14 days after IR treatment using real-time PCR method. Increased levels of iNOS mRNA were detected in hind paw skin ([Figure 3(a)](#fig3-1744806919849201){ref-type="fig"}; F(2, 9) = 5.064, p \< 0.05) and DRG (L2--L5) ([Figure 3(b)](#fig3-1744806919849201){ref-type="fig"}; F(2, 9) = 8.736, p \< 0.05) after 10 Gy or 20 Gy X-ray treatment, compared to control mice. In contrast, SOD mRNA was markedly decreased in hind paw skin ([Figure 3(c)](#fig3-1744806919849201){ref-type="fig"}; F(2, 9) = 14.296, p \< 0.05) and DRG (L2--L5) ([Figure 3(d)](#fig3-1744806919849201){ref-type="fig"}; F(2, 8) = 9.192, p \< 0.05) of mice treated with X-ray. CAT mRNA decreased in hind paw skin ([Figure 3(e)](#fig3-1744806919849201){ref-type="fig"}; F(2, 9) = 14.787, p \< 0.05) but not in DRG in X-ray-treated mice compared to control mice. These data indicated that X-ray could result in oxidative stress, which may contribute for TRP channels activation in X-ray-induced allodynia.

![mRNAs of oxidative stress indicators were determined by qPCR. iNOS (a and b), SOD (c and d), CAT (e and f) mRNA in hind paw skin, and DRG was detected by qPCR at day 14 after a single dose of 10 Gy or 20 Gy radiation treatment. Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to control mice (n = 4 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig3){#fig3-1744806919849201}

Time course of TRP channels expression changes in the DRGs after X-ray treatment {#sec19-1744806919849201}
--------------------------------------------------------------------------------

To confirm the time course changes of TRP channels in DRG, we detected TRPA1, TRPV1, and TRPV4 levels in DRG using PCR and Western blot. There was no significant change in the expression of TRPV4 mRNA and protein in DRG at any time point from day 3 to day 21 after radiation compared with control mice ([Figure 4(a)](#fig4-1744806919849201){ref-type="fig"}). TRPV1 mRNA increased 2.1-fold at day 3 ([Figure 4(b)](#fig4-1744806919849201){ref-type="fig"}; F(4, 14) = 4.39, p = 0.01), 4.3-fold at day 7 ([Figure 4(b)](#fig4-1744806919849201){ref-type="fig"}; F(4, 14) = 4.39, p = 0.01) and 1.9-fold at day 14 ([Figure 4(b)](#fig4-1744806919849201){ref-type="fig"}; F(4, 14) = 4.39, p = 0.008) after X-ray treatment in DRG. Western blot analysis showed that TRPV1 was significantly increased at days 7 and 14 after radiation ([Figure 4(d)](#fig4-1744806919849201){ref-type="fig"}; F(4, 14) = 5.752, p \< 0.05). TRPA1 mRNA was significantly increased at days 3, 7, and 14 after radiation ([Figure 4(c)](#fig4-1744806919849201){ref-type="fig"}; F(4, 16) = 3.851, p \< 0.05). Western blot analysis showed that TRPA1 was significantly increased at days 7 and 14 after radiation ([Figure 4(d)](#fig4-1744806919849201){ref-type="fig"}; F(4, 15) = 6.466, p \< 0.05). These data confirmed that TRPA1 and TRPV1, but not TRPV4, were involved in X-ray-induced allodynia.

![Time course changes of TRPA1, TRPV1, and TRPV4 in DRG after X-ray treatment. TRPV4 mRNA had no change after X-ray treatment in DRG (a). TRPV1 and TRPA1 mRNA increased at days 3, 7, and 14 in DRG (b and c). The representative Western blot images are shown in (d). Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, when compared to control mice (n = 4 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig4){#fig4-1744806919849201}

Cellular distribution of TRPA1 and TRPV1 in the DRGs after X-ray treatment {#sec20-1744806919849201}
--------------------------------------------------------------------------

Functional TRPA1 in DRG is primarily in the IB4-positive, calcitonin gene-related peptide (CGRP)-negative subpopulation of small lumbar DRG neurons from mouse and rat. Consisted with the Western blot results, immunohistochemical (IHC) analysis showed an increase in the expression of TRPA1 and TRPV1 at day 7 after radiation treatment. In control mice, TRPA1-positive staining was little co-localization to small DRG neurons (IB4-positive). Interestingly, IHC analysis showed that TRPA1-positive staining was primarily localized in IB4-positive DRG neurons at day 7 ([Figure 5(a)](#fig5-1744806919849201){ref-type="fig"}). The co-localization of TRPV1 staining and IB4-positive cells was little in control mice. TRPV1 was mainly localized in IB4-positive DRG neurons at day 7 after radiation treatment ([Figure 5(c)](#fig5-1744806919849201){ref-type="fig"}). These data indicated that TRPA1 and TRPV1 increased in small neurons contributed for X-ray-induced allodynia.

![The co-localization of TRPA1/IB4 or TRPV1/IB4 using IHC method in DRG. IHC images showed that co-localization of TRPA1/IB4 (a) and TRPV1/IB4 (b) was significantly increased at day 7 after X-ray treatment. (c) Proportion analyzation of TRPA1^+^/IB4^+^ and TRPV1^+^/IB4^+^ cells in DRG. Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*\*p \< 0.001, when compared to control mice (n = 4 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig5){#fig5-1744806919849201}

TRPA1 and TRPV1 antagonists decreased mechanical and heat allodynia induced by X-ray {#sec21-1744806919849201}
------------------------------------------------------------------------------------

Next, when the mechanical and thermal allodynia had been already established, we investigated whether TRPA1 and TRPV1 antagonists could attenuate X-ray-induced allodynia. At day 5 after radiation, spinal i.t. administration (lumbar L5--L6) of TRPA1 selective antagonist HC-030031 (10 μg) or TRPV1 antagonist capsazepine (10 μg) completely reverted mechanical hyperalgesia 5 h after injection ([Figure 6(a)](#fig6-1744806919849201){ref-type="fig"}; F(3, 24) = 3.431, p = 0.03 in HC-030031 group, p = 0.01 in capsazepine group, compared with radiation-treated mice), but this effect disappeared 12 h after HC-030031 or capsazepine injection ([Figure 6(a)](#fig6-1744806919849201){ref-type="fig"}). The second spinal i.t. administration of HC-030031 and capsazepine was performed at day 12 after radiation. Significant mechanical threshold reduction was observed from 5 h ([Figure 6(a)](#fig6-1744806919849201){ref-type="fig"}; F(3, 24) = 8.236, p = 0.001 in HC-030031 group, p \< 0.001 in capsazepine group, compared with X-ray-treated mice) to 12 h ([Figure 6(a)](#fig6-1744806919849201){ref-type="fig"}; F(3, 24) = 9.103, p = 0.008 in HC-030031 group, p \< 0.001 in capsazepine group, compared with X-ray-treated mice) after HC-030031 treatment. In addition, the area under curve (AUC) within 24 h for HC-030031 and capsazepine was analyzed. The AUC for HC-030031 and capsazepine was significantly increased both after first and second i.t injection in mechanical and heat allodynia tests ([Figure 6(b)](#fig6-1744806919849201){ref-type="fig"}; Von Frey test, first injection, F(3, 24) = 11.078, second injection, F(3, 24) = 10.220; [Figure 6(d)](#fig6-1744806919849201){ref-type="fig"}, tail-flick test, first injection, F(3, 24) = 32.484, second injection, F(3, 24) = 7.522; [Figure 6(f)](#fig6-1744806919849201){ref-type="fig"}, hot-plate test, first injection, F(3, 24) = 17.092, second injection, F(3, 24) = 15.816). However, HC-030031 and capsazepine had no effect on cold pain both at day 5 and day 12 after radiation treatment ([Figure 6(g) and (h)](#fig6-1744806919849201){ref-type="fig"}). On the other hand, HC-067047, a TRPV4 inhibitor, had no effects on all behavioral tests, including Von Frey, tail-flick, hot-plate, and cold pain test in X-ray-treated mice ([Figure 6(a), (c), (e), and (g)](#fig6-1744806919849201){ref-type="fig"}). In order to prove that there is no problem with the operation for HC-067047 administration, we observed the effect of HC-067047 on formalin pain. HC-067047 reduced the licking and flinching behaviors after 5% formalin injection in hind paw both in phase I (0--10 min) and in phase II (10--45 min). These data are shown in Supplementary Figure 3. Our findings suggested that TRPA1 and TRPV1 contributed for mechanical and heat allodynia induced by X-ray, but TRPV4 was not involved in X-ray-induced allodynia.

![The effects of TRP channels antagonists on pain-like behaviors after X-ray treatment. (a) Mechanical allodynia after introthecal (i.t.) HC-030031 (10 μg)/capsazepine (10 μg)/HC-067047 (10 μg) injection was assessed by Von Frey test. Heat allodynia after HC-030031/capsazepine/HC-067047 injection was assessed by tail-flick test (c) and hot-plate test (e). (g) Cold pain after HC-030031/capsazepine/HC-067047 injection was assessed by acetone test. The mechanical, heat, and cold allodynia AUC of first and second i.t. injection within 24 h is shown in (b, d, f, and h). Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to IR-treated mice at the same time point (n = 7 mice). One-way analysis of variance followed by Bonferroni's post hoc test. HC-030031, TRPA1 antagonist; capsazepine, TRPV1 antagonist; HC-067047, TRPV4 antagonist.](10.1177_1744806919849201-fig6){#fig6-1744806919849201}

Mitogen-activated protein kinase pathways was activated in pain neural pathway after X-ray treatment {#sec22-1744806919849201}
----------------------------------------------------------------------------------------------------

TRP channels activation mediates Ca^2+^-influx, which can activate downstream mitogen-activated protein kinase (MAPK) pathway. Activation of MAP kinases, including ERK and JNK, contributes to sensory transmission, including chemotherapy-induced peripheral neuropathic pain (CIPNP) and itch. The phosphorylation of ERK and JNK was measured by Western blot in skin, SN, and DRG. The results showed the expressions of pERK ([Figure 7(a)](#fig7-1744806919849201){ref-type="fig"}; F(4, 13) = 18, p = 0.006) and pJNK ([Figure 7(a)](#fig7-1744806919849201){ref-type="fig"}; F(4, 14) = 17.028, p = 0.003) were increased in the skin at day 3. The maximal phosphorylation degree of ERK ([Figure 7(a)](#fig7-1744806919849201){ref-type="fig"}; F(4, 13) = 18, p \< 0.001) and JNK ([Figure 7(a)](#fig7-1744806919849201){ref-type="fig"}; F(4, 14) = 17.028, p \< 0.001) in hind paw skin was at day 7 after radiation treatment. Similar results were observed in the SN and DRG tissues except the change of pJNK in DRG. pJNK was increased at day 3 ([Figure 7(c)](#fig7-1744806919849201){ref-type="fig"}; F(4, 14) = 5.825, p = 0.02) and persisted until day 21 after radiation treatment. And the maximal phosphorylation of JNK in DRG was at day 14 ([Figure 7(c)](#fig7-1744806919849201){ref-type="fig"}; F(4, 14) = 5.825, p = 0.001).

![Time course changes of MAPK pathway in skin, sciatic nerve (SN), and DRG. The phosphorylation of ERK and JNK in skin (a), SN (b), and DRG (c) was determined by Western blot. Data are expressed as mean ± S.E.M. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, when compared to control mice (n = 4 mice). One-way analysis of variance followed by Bonferroni's post hoc test.](10.1177_1744806919849201-fig7){#fig7-1744806919849201}

Discussion {#sec23-1744806919849201}
==========

Millions of cancer patients undergo radiation therapy for treating and destroying tumor cell growths within normal cell environmental conditions. X-ray radiation can not only have positive therapeutic effects on cancer cells but also have post-detrimental effects on surrounding normal tissues.^[@bibr27-1744806919849201],[@bibr28-1744806919849201]^ Since the skin is a biological defense barrier for any irradiated area, X-ray treatment can result in a variety of skin reactions and contributes to pain, itching, and burning.^[@bibr29-1744806919849201]^ X-ray-induced skin changes can affect the quality of life. Pain is unavoidable adverse event among head and neck cancer patients who are undergoing radiotherapy.^[@bibr29-1744806919849201]^ Radiation-induced pain is a late radiation-related injury, and the incidence rate is about 31% among cancer survivors treated with radiotherapy.^[@bibr30-1744806919849201]^ However, the mechanism of X-ray-induced pain is seldom studied. Here, in a mouse model of X-ray-induced allodynia, we showed that, nociceptor TRPA1 and TRPV1 but not TRPV4 contributed to mechanical and heat allodynia induced by X-ray.

As spontaneous pain is commonly present at the site of skin exposed to X-ray, spontaneous pain-related behaviors should be simulated in the model of X-ray-related pain studies.^[@bibr31-1744806919849201]^ In this study, mechanical allodynia tested by Von Frey peaked 11 days after IR exposure, to decline to normal 31 days after X-ray exposure. Heat allodynia analyzed by tail-flick and hot-plate test peaked six days after X-ray exposure and was absent two weeks later. Cold allodynia appeared at day 3, reached peak at day 5, and disappeared at day 8. By comparison, the duration of acetone-induced cold allodynia was shorter than mechanical and heat allodynia in X-ray-treated mice. In addition, there was no significant change in skin histomorphology after 10 Gy or 20 Gy radiation treatment. This result eliminated secondary pain that was associated with ulceration and abscess of skin, which can be induced by X-ray treatment.^[@bibr32-1744806919849201]^ Thus, the current mouse model seems to appropriately recapitulate the pain-related behaviors, which are caused by radiation directly in preclinical research.

TRPA1 mRNA and protein were increased in DRG (L2--L5) after X-ray exposure. These data indicated that TRPA1 was required in X-ray-induced mechanical and heat allodynia. This conclusion was supported by the pharmacological findings. When the mechanical and heat allodynia had been already established, HC-030031, a TRPA1 antagonist, reversed pain-related behaviors after i.t. injection. Although HC-030031 reversed painful behaviors completely, the duration of maintenance was short, and the phenomenon is possibly to the short half-life of HC-030031.^[@bibr33-1744806919849201],[@bibr34-1744806919849201]^

Several studies reported that TRPV1 was increased after ultraviolet (UV) irradiation.^[@bibr35-1744806919849201],[@bibr36-1744806919849201]^ A clinical investigation reported SB-705498, a TRPV1 antagonist, increased heat pain tolerance at the site of UVB exposure.^[@bibr37-1744806919849201]^ However, information about the roles of TRPV1 in X-ray-induced pain has been rarely collected. TRPV1 is located on a large subset of nociceptors and plays key roles in sensory transduction. TRPV1 can be activated in several ways, including by exogenous vanilloid chemicals (e.g., capsaicin),^[@bibr6-1744806919849201],[@bibr38-1744806919849201]^ heat greater than 42°C,^[@bibr39-1744806919849201]^ and diverse endogenous lipid signals associated with inflammation.^[@bibr40-1744806919849201]^ In this study, TRPV1 mRNA and protein were increased in DRG after IR treatment. Also, TRPV1 antagonist capsazepine could relieve mechanical and thermal allodynia. These data suggested that TRPV1 also contributed to X-ray-induced allodynia. In addition, we observed a special phenomenon: TRPA1 and TRPV1 antagonist could not attenuate cold pain induced by X-ray. Although studies have found that responses to cold require TRPA1,^[@bibr41-1744806919849201]^ and blocking of TRPA1 can attenuate in oxaliplatin-induced pain and cancer pain models.^[@bibr26-1744806919849201],[@bibr42-1744806919849201]^ Our finding indicates that there are unknown mechanisms underlying the cold pain induced by X-ray. It is reported that TRPV4 can be activated under the exposure of UV or γ-ray radiation.^[@bibr43-1744806919849201],[@bibr44-1744806919849201]^ However, we found that X-ray had no effect on TRPV4, and blocking of TRPV4 had no effect on painful behaviors induced by X-ray. These results suggest that TRPV4 action may be selective among different types of rays.

Interestingly, IHC results showed that almost all of TRPA1^+^ cells co-localized with IB4^+^ small cells in DRG at day 7 after X-ray treatment. Studies find that very few large-diameter neurons from any species have response to TRPA1 agonist.^[@bibr45-1744806919849201]^ IB4-positive cutaneous afferents are critical for mechanical stimuli transduction. In addition, IB4-positive neurons become more sensitive to mechanical stimuli after tissue injury.^[@bibr46-1744806919849201],[@bibr47-1744806919849201]^ Marie reported that functional TRPA1 in DRG is primarily in the IB4-positive, CGRP-negative subpopulation of small lumbar DRG neurons from mouse and rat.^[@bibr48-1744806919849201][@bibr49-1744806919849201]--[@bibr50-1744806919849201]^ The present study indicated that TRPA1 expressing in non-peptidergic small neurons in DRG played a key role in pain signals transduction in X-ray-treated mice.

According to the temporary effect of HC-030031, we speculate that endogenous substances produced after X-ray treatment are required to activate TRPA1 in order to maintain the pain-like behaviors. Several preclinical studies and clinical investigations have shown that reactive oxygen species (ROS) and RNS are the main sources of damage to normal tissues, including lung, intestines, and skin, after exposure to X-ray.^[@bibr51-1744806919849201]^ Given that ROS and the byproducts, including the RNS and RCS, are among the most active endogenous activators of TRPA1,^[@bibr52-1744806919849201],[@bibr53-1744806919849201]^ we consider that oxidative stress induced by X-ray contributes to TRPA1 activation in the prolonged painful hypersensitivity. iNOS, a marker of oxidative stress, was increased in hind paw skin seven days after radiation when the mechanical and heat allodynia existed. In contrast, SOD and GSH, 2 antioxidant factors, were decreased in hind paw skin. Several studies reported that ROS scavengers, including metformin, 5-methoxytryptamine-α-lipoic acid, and resveratrol, significantly attenuated ROS production and protected normal tissue function from X-ray exposure.^[@bibr54-1744806919849201][@bibr55-1744806919849201]--[@bibr56-1744806919849201]^ In addition, several studies reported that α-lipoic acid, an antioxidant, could attenuate pain-like responses by inhibiting TRPA1 in chemotherapy-induced pain and cancer pain models.^[@bibr26-1744806919849201],[@bibr57-1744806919849201]^ However, the underlying mechanisms by which substance of oxidative stress initiates the pain signals in X-ray-induced pain are still needed further research. In addition, TRP channels activation can induce Ca^2+^ influx, then activate the downstream MAPK pathway. MAPK, including ERK, JNK, and p38, is required to maintain allodynia under inflammatory pain,^[@bibr58-1744806919849201]^ and inhibition of MAPK could reduce neuropathic pain.^[@bibr59-1744806919849201]^ In this study, both of pJNK and pERK were significantly increased in skin, SN, and DRG. These data suggested that MAPK pathway was involved in X-ray-induced allodynia. However, it still needs to study that whether inhibition of MAPK pathway can attenuate allodynia induced by X-ray.

In summary, our work confirmed that TRPV1 and TRPA1 contributed to X-ray-induced allodynia. The experimental data indicated that blocking of TRPV1 and TRPA1 was beneficial for relieving allodynia induced by X-ray. Although X-ray treatment resulted in oxidative stress in our study. Antioxidation helps to alleviate pain in several animal models, but at the same time, antioxidation may reduce the sensitivity of tumors to radiotherapy and reduce the therapeutic effect finally. However, deletion of TRPV1 or TRPA1 does not affect tumor growth.^[@bibr26-1744806919849201]^ So, TRPV1 and TRPA1 antagonists appear to be the suitable prevention strategies for X-ray-induced allodynia in clinical practice.
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